Samples that are likely to contain evidence of past life on Mars must have been deposited when and where environments exhibited habitable conditions. Mars analog sites provide the opportunity to study how life could have exploited such habitable conditions. Acidic iron-and sulfur-rich streams are good geochemical analogues for the late Noachian and early Hesperian, periods of martian history where habitable conditions were widespread. Past life on Mars would have left behind fossilized microbial organic remains. These are often-sought diagnostic evidence, but they must be shielded from the harsh radiation flux at the martian surface and its deleterious effect on organic matter. One mechanism that promotes such preservation is burial, which raises questions about how organic biomarkers are influenced by the postburial effects of diagenesis. We investigated the kinetics of organic degradation in the subsurface of Mars. Natural mixtures of acidic iron-and sulfur-rich stream sediments and their associated microbial populations and remains were subjected to hydrous pyrolysis, which simulated the increased temperatures and pressures of burial alongside any promoted organic/mineral interactions. Calculations were made to extrapolate the observed changes over martian history. Our experiments indicate that low carbon contents, high water-to-rock ratios, and the presence of iron-rich minerals combine to provide unfavorable conditions for the preservation of soluble organic matter over the billions of years necessary to produce present-day organic records of late Noachian and early Hesperian life on Mars. Successful sample selection strategies must therefore consider the pre-, syn-, and postburial histories of sedimentary records on Mars and the balance between the production of biomass and the long-term preservation of organic biomarkers over geological time.
Introduction
S uccess in the search for evidence of life on Mars depends on selecting the appropriate samples for investigation. The late Noachian and early Hesperian period of martian history provide samples of a time when conditions were habitable and when any martian life would have had a relatively lengthy opportunity to originate and proliferate (Cockell, 2014; Westall et al., 2015) . During the Hesperian period of Mars' history, acidic, sulfur-rich conditions led to the regional deposition of abundant sulfate minerals, such as gypsum (CaSO 4 $2H 2 O) and jarosite (KFe 3+ 3 (OH) 6 (SO 4 ) 2 ), in aqueous conditions Squyres et al., 2004; Gendrin et al., 2005) . Although the longevity of these environments is uncertain, they may have been capable of supporting extremophilic organisms that produced organic remains that, when entombed in a mineral matrix, could represent fossil organic biomarkers in the martian rock record. For this reason, there has been significant interest in the ability of jarosite, or minerals associated with jarosite, to preserve organic matter (Aubrey et al., 2006; Kotler et al., 2008; Lewis et al., 2015) .
Recent work has shown that lipids are concentrated in iron oxyhydroxides (such as goethite) associated with acid sulfate environments and can preserve fatty acid profiles beyond the initial stages of diagenesis . The iron oxides and oxyhydroxides present in these environments have also been found to be significantly more amenable to thermal extraction techniques (e.g., pyrolysis) used to search for organic matter when compared with minerals that release oxygen upon heating, such as sulfates (such as jarosite) and perchlorates . Consequently, iron oxides and oxyhydroxides associated with sulfur stream environments should be considered targets of astrobiological interest.
Little is known, however, about how organic biomarkers may be degraded by reactions involving both the organic and inorganic constituents of these acidic iron-and sulfur-rich stream samples, especially following burial where temperature and pressure are elevated for extended periods of time.
If life arose on Mars at the same time as Earth, when conditions on both planets were relatively similar, its remains would need to survive billions of years to be detectable in the present day. Although the martian ultraviolet (UV) flux may have been comparable with early Earth and hence not an inhibitor of the evolution of early life (Cockell, 2000) , the cumulative effects of UV radiation over martian history would likely have destroyed all traces of surface organic matter, or at the very least have rendered organic biomarkers indistinguishable from abiotic carbon sources (Dartnell, 2011; Hassler et al., 2014) . Radiation raises some concerns for iron-rich environments, as iron may promote the destruction of organic matter in Mars' present-day radiation environment (Hassler et al., 2014) . Thus, to avoid the deleterious effects of UV radiation, rocks containing organic biomarkers would need to have been rapidly transported to the subsurface where further exposure to the effects of UV would be avoided (Cockell, 2014; Hassler et al., 2014) . Buried surfaces can be accessed in the present day by using a drill as planned in the forthcoming ExoMars (2020) mission (Vago et al., 2016) , or by searching for surfaces that have only relatively recently been exhumed such as near escarpments (Farley et al., 2014) or sites of impact ejection (Montgomery et al., 2016) .
Burial on Mars is relatively rare owing to a lack of plate tectonics, but does occur mostly following continuous sedimentation and subsequent compaction, as observed in Gale Crater Caswell and Milliken, 2017) . The sediments observed at Yellowknife Bay, for example, were deeply buried and exhumed before 3.3 to 3.2 Ga, and analysis of the hydraulic fracturing within the mudstones of this unit shows a minimum burial depth of 1.2 km (Caswell and Milliken, 2017) . Peak burial temperatures at such depths would depend on the geothermal gradient, which has changed throughout Mars' geological history. Present-day estimates range from 6.4 to 10.6 K/km (Hoffman, 2001) , while modeling of the diagenetic history of Gale Crater suggests a timedependent variable geothermal gradient, with peak paleotemperatures for sedimentary rocks at Gale Crater ranging from 80°C to 225°C, depending on factors such as surface temperature, overburden thickness, thermal conductivity, and heat flow (Borlina et al., 2015) . Consequently, organic biomarkers that have been buried will have been subjected to other potentially degrading mechanisms, and must have been able to survive elevated temperatures, pressures, and degradative reactions involving the interaction of minerals with organic matter.
To achieve a full appreciation of how organic biomarkers could be preserved on Mars, it is important to understand how these materials are influenced by the postburial effects of diagenesis, especially with regard to the interactions between organic matter and the mineral matrices present in these distinct martian geochemical environments. Previous studies of Mars-relevant sulfur-rich analogues examined surface conditions where extant biomass was still present. The ability of organic matter hosted in Mars analog settings to survive the initial stages of diagenesis and subsequent burial and thermal maturation has not been previously addressed (e.g., Fernández-Remolar, 2003; Benison and Bowen, 2006; Parenteau et al., 2014; Williams et al., 2015; Tan et al., 2018) .
Hydrous pyrolysis is a well-known technique used to artificially mature organic matter-rich samples in the laboratory (e.g., Lewan, 1985) , but has also been used to simulate the effects of diagenesis on certain biomarkers (e.g., Lewan et al., 1986; Eglinton and Douglas, 1988; Peters et al., 1990; Koopmans et al., 1996; Jaeschke et al., 2008) . Hydrous pyrolysis involves heating a sample containing both sediment and organic matter in a closed system in the presence of an inert atmosphere and deoxygenated water at subcritical temperatures for 72 h (Lewan et al., 1979; Lewan, 1983) . Historically, hydrous pyrolysis has been used to study rocks with a high total organic carbon (TOC) content, with diagenesis being studied at temperatures between 160°C and 280°C (Eglinton and Douglas, 1988; Peters et al., 1990; Koopmans et al., 1995) and catagenesis being investigated between 300°C and 365°C (Lewan et al., 1979) . Iron-rich rocks with low TOC, such as those found in Mars analog environments, have thus not been widely investigated by using this method. In this study, microbial mat materials hosted in two mineralogically distinct Mars-relevant acidic iron-and sulfur-rich stream environments were artificially matured with hydrous pyrolysis to investigate the effects of thermal diagenesis and associated mineral matrix-assisted reactions on the preservation of organic matter within these samples.
Materials and Methods

Sample description
The samples used in this study were collected from two acidic iron-and sulfur-rich streams in Dorset, United Kingdom. The first acid stream was located in St. Oswald's Bay (Fig. 1a) and actively flows from slumped Wealden Beds rich in pyrite (Kemp et al., 2012) , resulting in the deposition of iron sulfates and oxyhydroxides in an acidic environment with waters of pH 3.5. Jarosite deposition was observed in areas with low water-to-rock ratios, while goethite was found capping jarosite layers where the soils were waterlogged. The stream was observed to host a distinct sulfur-based microbial ecosystem that comprised acidophilic algae, microbial mats of phototrophic purple sulfur bacteria, and charcoal wood fragments from the surrounding bankside. A more detailed description of the geology of the study area and the samples collected can be found in the literature .
The second acid stream was present at Stair Hole (Fig. 1b) . This was a smaller stream that possessed a weaker flow and a higher pH (5) than observed in St. Oswald's Bay. At Stair Hole, no green biological matter was observed on first inspection, although a thin microbial mat separated itself from the top of the core after it was freeze-dried. Extracted cores (Fig. 1c, d ) were packaged in aluminum foil and returned to the laboratory where they were immediately freeze-dried. Individual organic matter and mineral layers within each core were separated using a solvent-cleaned saw washed with methanol and dichloromethane (DCM) to preclude contributions from contamination. The samples were subsequently ground and homogenized with a ceramic pestle and mortar to allow for X-ray diffraction (XRD) analysis and lipid extraction. Sample mineralogy was previously assessed by XRD and quantified using Rietveld refinement (Table 1) .
Two samples, FlowMG1a (taken from St. Oswald's Bay and hereafter referred to as the clay-poor stream sample) and DryMJ1a (taken from Stair Hole and hereafter referred to as the clay-rich stream sample), were chosen for artificial maturation by hydrous pyrolysis. The two samples represented examples of soils with high goethite and minor jarosite content, with the clay-rich stream sample also containing a significant proportion of illite and kaolinite. Microbial mat material was also observed in both samples.
Artificial maturation by hydrous pyrolysis
A typical setup for a hydrous pyrolysis experiment has been described previously (Sephton et al., 1999) . A hightemperature and high-pressure stainless steel reactor (70 mL Model 4740, Parr Instruments) was used for our experiments. Owing to the small size of the stream samples, as well as concerns about the acidity of the components, small stainless steel ''bomblets'' were constructed. These inserts All samples were pyrolyzed for 72 h. G = goethite; I = illite; J = jarosite; K = kaolinite; M = montmorillonite; Q = quartz; W:R = water-to-rock ratio; XRD = X-ray diffraction.
were built using 4 cm of T316 stainless steel tube (35 · 9 mm o.d. · 6 mm i.d.) and sealed with Swagelok end caps (SS-600-C) following deburring. The bomblets reduced the effective internal volume of the reactor from *70 to 1.5 mL. The bomblets were ultrasonically washed in water, methanol, and DCM, and then dried at 110°C before analysis. Approximately 200 mg of sample was added to each bomblet, and 0.1 to 0.5 mL of degassed deionized (DI) water was also added depending on the water-to-rock ratios that were to be tested. The bomblets were then sealed in a nitrogen atmosphere to avoid sample oxidation and shaken to ensure homogenization. Up to two bomblets were then inserted into the 70 mL Parr reaction vessel. Twenty milliliters of degassed DI water was added to the reaction vessel to maintain the correct pressure, as well as to ensure a reduced pressure differential across the bomblet walls. The reactor was then sealed and placed into an oven, with the temperature and pressure of the vessel measured with a thermocouple and pressure gauge, respectively. Hydrous pyrolysis was performed on samples at 200°C, 240°C, and 280°C for 72 h ( Table 1) . The reactor was then removed and allowed to cool before removing the inserts for extraction.
Pyrolysate extraction
Once the heating procedure was complete and an insert was unsealed, the water contained within the bomblet was transferred to a separating funnel. The solid residue was then ultrasonically extracted by methanol (3 · ), DCM:methanol (1/1, v/v) (3 · ), and DCM (3 · ), with the supernatants transferred to the same separating funnel as the water from the insert, and a liquid/liquid extraction performed with excess DI water. The solvents were concentrated using a rotary evaporator and dried with anhydrous sodium sulfate.
The pyrolysates were then treated with boron trifluoride in methanol (BF 3 -methanol) to break any ester bonds present. This transesterification treatment liberated fatty acids and converted them to fatty acid methyl esters that were more amenable to gas chromatography/mass spectrometry (GC-MS) analysis. The pyrolysates were then further derivatized with 99-1 N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA)-trimethylchlorosilane (TMCS).
Gas chromatography/mass spectrometry
The pyrolysates were analyzed by GC-MS using an Agilent Technologies 7890 N gas chromatography (GC) coupled to an Agilent Technologies 5975C mass selective detector. One microliter of sample was injected at a 10:1 split ratio at 270°C and separation was performed by a DB-5MSUI column (30 m · 0.25 mm · 0.25 mm; J&W), with helium as a carrier gas at a constant column flow of 11 mL min -1
. The GC oven temperature was initially held at 80°C for 2 min and then ramped at 5°C min -1 to 310°C where it was held for 14 min. Mass spectra were acquired in the scan range (45-550 amu). Peak identification was based on retention time and mass spectra comparisons with authenticated standards and by reference to the NIST-08 mass spectral database.
Kinetic parameter modeling
Hydrous pyrolysis is used to study the diagenesis and maturation of organic compounds as it replicates the organic geochemical reactions that occur over geological timescales by simulating them with short-term, high-temperature, and high-pressure laboratory conditions; this technique has been utilized by several authors to study the effects of thermal maturity on specific biomarker compounds (e.g., Eglinton et al., 1986; Peters et al., 1990; Koopmans et al., 1995; Jaeschke et al., 2008; Rush et al., 2014; Royle et al., 2018) . It is thus possible to derive the kinetic parameters of these organic degradation reactions, including any additional effects promoted by the interactions between the organic matter and the mineral matrix, from the results of hydrous pyrolysis, allowing modeling of the preservation of a group of organic compounds over martian geological time (Lewan, 1985; Hunt et al., 1991; Royle et al., 2018) . Previous work has shown that natural organic maturation can be approximated by pseudo-first-order reaction kinetics (Lewan, 1985; Lewan et al., 1986) . The Arrhenius equation (Eq. 1) relates the reaction rate constant, k (s -1 ), the absolute temperature T (in K), the gas constant R ( J$mol
), and the Arrhenius constant A (s -1 ). From this relationship, it is possible to determine the change in concentration of the reactants (the organic compounds of interest) over time at any constant temperature.
Using these kinetic relationships, we approximated the rate of lipid degradation over geological time under Mars analog conditions, and thus predicted the fate of lipids in similar environments on Mars.
Results
The hydrous pyrolysates of the clay-poor stream sample and the clay-rich stream sample after treatment at 200°C, 240°C, and 280°C contained similar groups of lipids, including saturated, unsaturated, and branched (both terminal and midchain) fatty acids. o-Hydroxy fatty acids and polycyclic terpene phytosteroids were also observed, both of which are products derived from higher plants. A more indepth analysis, comparison, and discussion of the deposition environments, lipid diversity, and key biomarkers present in each of the two sampling areas are reported in the work of Tan et al. (2018) .
Briefly, the overall lipid profiles of both core samples were found to be similar (Fig. 2) ; this, when taken into consideration with the similar depositional environments and key biomarkers, implied the presence of similar microbial communities in the two sampling locations. The primary difference between the samples was the paucity of o-hydroxy fatty acids in the clay-rich stream sample, which was likely due to less plant material found near that core. Another difference was the higher relative abundance of the 10Me-16:0 biomarker that is characteristic of sulfurreducing bacteria (SRB) in the clay-poor stream sample (Vestal and White, 1989; Zhang et al., 2002) , suggesting that there was a larger SRB population hosted at St. Oswald's Bay compared with that at Stair Hole.
Given the observations of similar depositional environments and comparable microbial communities, the key difference between the hydrous pyrolysis products of both samples in the following experiments must have been a 56 TAN AND SEPHTON result of their differing mineralogy, as well as the variations in water-to-rock conditions under which they were artificially matured.
Clay-poor stream sample
The clay-poor stream sample (FlowMG1a) comprised a microbial mat over goethite minerals. The sample was made up of 64% quartz, 26% goethite, and 10% jarosite and contained a proportion of microbial mat material previously examined in the work of Tan et al. (2018) . The provenance of goethite and jarosite in this sample was described previously (Lewis et al., 2015; Tan et al., 2018) .
The abundance of each species of lipid decreased with increasing simulated maturation level, likely resulting from either the defunctionalization of labile fatty acids with increasing pressure and temperature, or via the oxidation of organic matter by interacting with iron oxyhydroxides present within the sample (Fig. 3a, b) . Oxidation by iron minerals is the more likely mechanism for fatty acid destruction, as the defunctionalization of fatty acids should result in the production of alkanes, which were absent in all samples analyzed.
The degree of lipid degradation varied with species ( Fig. 3c, d ): the saturated fatty acid fraction exhibited a minimal decrease, with a loss of 27.7% and 9.2% saturates between 200°C to 240°C and 240°C to 280°C, respectively. These data can be compared with an average of 81.4% and 33.7% loss of organic matter per stepwise increase in temperature for the unsaturated and branched fatty acids, respectively, particularly the complete loss of the 18:2 species at 280°C, and the loss of all branched fatty acids under high water-to-rock ratios. More structurally complex lipids suffered the most degradation, with cyclopropyl fatty acids and sterols being destroyed at 240°C and 280°C, respectively. Despite the loss in abundance of individual lipids, the overall pattern of the lipid profile was preserved relatively well despite the increasing simulated maturation level, particularly the retention of the even-over-odd predominance (EOP) in the carbon-chain length of the saturated fatty acids, a biogenic signature that is useful for distinguishing biomarkers from abiotic organic carbon.
There was a clear difference in the ability of these environments to preserve organic biomarkers at different water availabilities. Lipid preservation was enhanced under low water-to-rock conditions across all fractions (Fig. 4) . This effect was particularly visible at 240°C, where up to 24.1 ppm more unsaturated fatty acids and 4.8 ppm more branched fatty acids were preferentially preserved at low water availabilities. Saturated fatty acids in particular displayed more preservation under low water-to-rock conditions, with up to 20.7 and 10.2 ppm more preservation of the most common saturates, 16:0 and 18:0, respectively. The preservation of the EOP pattern was also more pronounced under low water-to-rock conditions.
Clay-rich stream sample
The clay-rich stream sample comprised a microbial mat over goethite and jarosite minerals in a lower abundance, but a similar relative abundance to that of the clay-poor stream sample. The clay-rich stream sample consisted of 40% quartz, 18% goethite, 6% jarosite, 25% illite, and 11% kaolinite (Table 1) .
FIG. 2.
Lipid abundances from the raw (unpyrolyzed) samples of the stream. Lipid classes are indicated by the different colored backgrounds: green, saturated fatty acids; purple, unsaturated fatty acids; yellow, branched fatty acids; blue, hydroxy-fatty acids; pink, cyclopropyl fatty acids; lime green, phytosterols. This color scheme is used for all graphs. Color images are available online.
FIG. 3.
Lipid abundances in pyrolyzed samples of (a) FlowMG1aL (clay-poor stream sample pyrolyzed at low water-torock ratios) and (b) FlowMG1aH (clay-poor stream sample pyrolyzed at high water-to-rock ratios). The solid line represents total lipid extracts of the unpyrolyzed clay-poor stream sample. The variation of the total lipid abundance per group of lipids is also presented for (c) FlowMG1aL and (d) FlowMG1aH. The lower abundances of all lipid groups under high water-torock ratios suggest that these conditions are less amenable to lipid preservation in these environments. BA, branched fatty acids; CA, cyclopropyl fatty acids; HA, hydroxy-fatty acids; PS, phytosterols; SA, saturated fatty acids; UA, unsaturated fatty acids; W:R = water-to-rock ratio. Color images are available online.
As observed in the clay-poor stream sample, lipid abundance and diversity decreased with increasing simulated maturation level; however, although the absolute abundance of lipids was greater in these clay-rich stream samples, the relative loss of lipids with each stepwise increase in maturation temperature appeared to be much greater across all lipid groups (Fig. 5a, b) . Despite this, the biogenic EOP pattern was still retained. In addition, thiophenes were observed in the pyrolysates, which were neither observed in the total lipid extracts of the unpyrolyzed parent clay-poor and clay-rich stream samples, nor were they present in the pyrolysates of the postmaturation claypoor stream samples. Thiophenes are a group of organic molecules that contain a heterocyclic, five-membered planar ring that incorporates a sulfur molecule (C 4 H 4 S). Three major species of thiophenes were identified: 3-methyl-2-(3,7,11-trimethyldodecyl) thiophene (Fig. 6I) , 3-(4,8,12-trimethyltridecyl) thiophene (Fig. 6II) , and methyl 9,12-epithio-9,11 octadecanoate (Fig. 6III) . Thiophenes are observed to decrease in abundance with an increasing simulated maturation level, exhibiting a 25.6-30.6% loss in thiophene units from 200°C to 280°C. Thiophene (III) was observed to be the most resistant to degradation, being the only thiophene species still present at 280°C. The effect of simulated maturation on the cleavage of the adsorptive bonds between the fatty acids and the mineral substrate could still be observed but was less pronounced than in the clay-poor stream sample.
On average, 51.8%, 77.2%, and 82.4% of saturated, unsaturated, and branched fatty acid species were lost during hydrous pyrolysis, respectively (Fig. 5c, d) . These values were greater than those observed in the clay-poor stream sample, especially in the case of the unsaturated fraction, where up to 82.5% lipids were lost between 240°C and 280°C. The sterols were also absent at temperatures greater than 200°C.
The relationship between the effects of low and high water availability on lipid preservation was more uncertain in the clay-rich stream samples (Fig. 7) . At 200°C, there appeared to be no real advantage to high or low water availabilities, with a higher water-to-rock ratio slightly favoring the preservation of saturated and unsaturated fatty acids (1.07 and 4.35 ppm more preservation in the high water-to-rock ratio experiments using the clay-rich stream sample, DryMJ1aH) but showing poor preservation of branched fatty acids (47.1 ppm more preservation in the low water-to-rock ratio experiments using the clay-rich stream sample, DryMJ1aL). However, the effect of low water availabilities on lipid preservation became clearer and more consistent between 240°C and 280°C, with more thiophenes and saturated, unsaturated, and branched fatty acids extracted from DryMJ1aL.
Survivability of saturated fatty acids as predicted by kinetic modeling
The simulated maturation of organic compounds by hydrous pyrolysis allows for the unique opportunity to determine the kinetic parameters of the organic degradation reaction under a chosen set of conditions, in this case the water-to-rock ratio and mineralogy (Table 2 ). This can be done by considering the ratio of initial and final concentrations of a reactant after a period of time at a certain temperature. For the purposes of this model, the saturated 
FIG. 5.
Lipid abundances in pyrolyzed samples of (a) DryMJ1aL (clay-rich stream sample pyrolyzed at low water-to-rock ratio) and (b) DryMJ1aH (clay-rich stream sample pyrolyzed at high water-to-rock ratio). The solid line represents total lipid extracts of the unpyrolyzed DryMJ1a sample. The variation of the total lipid abundance per group of lipids is also presented for (c) DryMJ1aL and (d) DryMJ1aH. This figure uses the same naming scheme as found in Fig. 3 . Color images are available online. fatty acids were chosen as the reactant, as these are the group of lipids that are the most resistant to degradation while still retaining easily recognizable biogenic characteristics. It was found that the kinetic behavior of the lipid degradation reaction can be approximated as a pseudo-firstorder reaction under the studied conditions with a 95% confidence level for all samples analyzed (Fig. 8) .
Key kinetic parameters such as the Arrhenius constant (A) and activation energy (E a ) of the lipid degradation reaction were derived from the linear form of the Arrhenius equation (Eq. 2), where k was the calculated rate constant. From these kinetic parameters, it was possible to model the loss in reactant over time by using a previously published method (Royle et al., 2018) . The constraints of this model are also detailed in the literature, but in brief, the major assumptions of the model are that it assumes constant geothermal gradients, surface temperatures, and burial and exhumation rates, and assumes a closed system (no material inputs or outputs from the system), which is unlikely to occur in a natural environment. The modeling parameters for this system are as follows: a geothermal gradient of 0.008 K$m -1 characteristic of modern-day gradients on Mars (Hoffman, 2001 ), a maximum burial depth of 2 km, and a burial rate of 10 m$Ma
The modeling results are shown in Fig. 9 . The diagram describes the degradation of lipids over geological time as a percentage of the total lipid content in each of the four separate environmental conditions studied. t max is the time at which complete lipid degradation occurred in each of the models and allows us to quantify the degradative effects in each sample.
The model data suggested that the water-to-rock ratio and mineralogy did have a strong effect on lipid preservation in these sediments. In samples that were subjected to higher levels of simulated maturation by hydrous pyrolysis, it was found that samples with higher water-to-rock ratios experienced degradation at a rate almost two orders of magnitude 
FIG. 7.
Comparison between the lipid abundances of clay-rich stream samples pyrolyzed at high and low water-to-rock ratios. A positive number indicates a higher abundance of lipids at lower water-to-rock ratios (DryMJ1aL), while a negative number indicates a higher abundance at higher water-to-rock ratios (DryMJ1aH). Color images are available online.
faster than those observed in rocks with lower water-to-rock ratios. In addition, clay minerals were also shown to influence lipid preservation, with the clay-poor stream samples modeled to preserve lipids on timescales 5 to 10 times longer than those codeposited in the sediments from the clay-rich stream.
However, the primary observation was that despite ideal conditions for lipid preservation (surface temperature at -50°C, low water-to-rock ratios, clay-poor mineralogy, and minimal burial), all saturated fatty acids were found be destroyed within 100 kA. In clay-rich samples modeled with similarly ideal conditions, all lipids were destroyed within 20 kA of deposition, while in locations with high water-torock ratios, the lipids were not well preserved even on thousand-year timescales. C 0 /C T refers the ratio of initial and final concentrations of saturated fatty acids, k refers to the rate constant as calculated from C 0 /C T assuming first-order reaction kinetics. Errors in ln k are from instrument uncertainty.
FIG. 8. Kinetic parameters as determined by the Arrhenius equation.
That all the data points can be described with a linear trend with high confidence (alpha = 0.05) suggests that the pseudofirst-order approximation is valid for the lipid degradation reaction. Plot 1: Clay-poor stream sample at low water-to-rock ratios (FlowMG1aL); Plot 2: Clay-poor stream sample at high water-to-rock ratios (FlowMG1aH); Plot 3: Clay-rich stream sample at low water-to-rock ratios (DryMJ1aL); Plot 4: Clay-rich stream sample at high water-to-rock ratios (DryMJ1aH). Color images are available online. 
Lipid biosignatures
Our data suggest that although lipids are degraded during maturation, a significant proportion of the fatty acids, the core lipids of bacterial cell membranes, can survive longterm burial (*100 kA) and diagenesis in iron-rich, sulfur stream environments. The results were particularly promising in the clay-poor stream sample, where up to 58.9% of saturated fatty acids were still extractable after hydrous pyrolysis. Although the relative fatty acid yields of the clayrich stream samples were not as pronounced as in the claypoor stream, especially at the higher temperatures, up to 15.9% of saturated fatty acids were still extractable after being subjected to 280°C temperatures. Saturated fatty acids are thus the most promising solvent-soluble lipid biomarkers, being the most resilient to degradation during the diagenetic process and retaining their biogenic EOP pattern even at the latest stages of simulated diagenesis. At the same time, it was observed that the more structurally complex and hence more diagnostic biomarkers were more susceptible to degradation, as could be seen with the disappearance of the polycyclic terpene phytosteroids and cyclopropyl fatty acids. While phytosteroids are products of higher order plants and thus unlikely to have evolved on Mars, their response to simulated diagenesis can inform us of how compounds with similar structures, such as bacterial hopanoids, would respond under such conditions.
A greater abundance of fatty acids was observed in the pyrolysates than in the unpyrolyzed solvent extracts. A likely explanation for this phenomenon was that a significant proportion of fatty acids were adsorbed directly to the surface of the mineral substrate and could not be liberated by solvent extraction. However, hydrous pyrolysis may have resulted in the cleavage of these adsorptive bonds via hydrolysis, resulting in increased abundances of extractable organic matter in these postmaturation samples. Another possible explanation for the increase in fatty acids after the initial low-temperature maturation step is the cleavage of double bonds in unsaturated acids. We consider this unlikely, as such a mechanism should result in a relative increase in abundance of lower carbon-chain length acids. No evidence of this phenomenon was observed in the samples; rather, there was no change in relative responses for fatty acids of different chain lengths.
The mechanism by which the organic acids in the artificially matured samples are destroyed is likely to be an oxidative process involving organic/mineral interactions. While the simplest explanation for lipid degradation would be the decarboxylation of fatty acids to form complementary hydrocarbons, no alkanes were observed in any of the samples, suggesting that if this process was occurring, it was unlikely to be the primary mechanism of organic matter degradation. In contrast, goethite, jarosite, and smectite/illite clays were iron-bearing minerals ubiquitous in these samples and have the capability to completely oxidize organic matter to form water and carbon dioxide (Surdam and Crossey, 1985; Seewald, 2003) ; the low organic matter:mineral ratio of the stream samples may have exacerbated this effect. The role of oxidation in the loss of organic matter is corroborated by experiments that revealed that amorphous iron pyrolyzed in the presence of organic matter transformed into magnetite, indicating a reduction of ferric to ferrous iron, which must be balanced by the oxidation of the organic material present (Tan, pers. comm.).
FIG. 9.
Modeling results for the degradation of saturated fatty acids under martian conditions. High water-to-rock ratios are shown to exacerbate lipid degradation, as is a clay-rich mineralogy. However, even in the optimal preservation conditions, it is found that all saturated fatty acids are destroyed within 100 kA of deposition. Inset: Models when run up to 0.01 Ma show differences in degradation rates between high water-to-rock ratio samples. FA: fatty acids, t max indicates the time at which all lipids are destroyed. Color images are available online.
Influences on lipid preservation
The primary difference between the clay-poor and clayrich stream samples is the greater degree of degradation of lipids observed in the latter sample. We interpret this phenomenon as a consequence of the transformative effect of the clays present in the clay-rich stream sample. The catalytic effect of clays on organic matter breakdown is well known, especially with regard to the ''cracking'' of heavier macromolecular complexes into lighter hydrocarbons (e.g., Johns, 1979; Davis and Stanley, 1982; Espitalié et al., 1984; Tannenbaum and Kaplan, 1985) . Ferric clays such as illite can also release Fe 3+ during diagenesis that can contribute to oxidative degradation reactions (Surdam and Crossey, 1985) , and thus may promote the accelerated destruction of fatty acids ( Jurg and Eisma, 1964; Shimoyama and Johns, 1971) . Even smectite clays that do not naturally contain ferric iron can hasten organic reactions via electron acceptors such as Al 3+ , generating highly reactive free radicals that catalyze various organic reactions (Solomon and Rosser, 1965; Solomon, 1968; Almon and Johns, 1975; Johns, 1979) . While this can include preservation-enhancing reactions such as oxidative polymerization , in these iron-rich environments, the primary reaction promoted by clay surfaces is the oxidation of organic matter by iron oxides.
Another factor that appears to have influenced the degradation of lipids in the sample was water availability: there were more extractable products in samples subjected to simulated maturation at low water-to-rock ratios than at high water-to-rock ratios. It is unclear how lower water-to-rock ratios result in reduced lipid destruction, but previous studies suggest that lower water to rock ratios heighten the protective effect of the mineral matrix in the pyrolysis process (Tannenbaum and Kaplan, 1985b; Koopmans et al., 1998) . Another possibility could be that the lack of a liquid phase in the samples reduces the rate of the degradation reaction, or inhibits various reaction mechanisms that do not occur in dry environments, as water is a source of hydrogen and oxygen for certain organic reactions (Hoering, 1984; Stalker et al., 1994; Schimmelmann et al., 2001; Seewald, 2003) .
Thiophenes
An interesting result of the simulated maturation experiments is the presence of thiophenes in the postmaturation extracts of the clay-rich stream samples. Thiophenes are particularly relevant to Mars due to their discovery in Gale Crater mudstones by evolved gas analysis with the Sample Analysis at Mars (SAM) instrument suite on the Curiosity rover (Eigenbrode et al., 2018) . In terrestrial sediments, the source of the sulfur incorporated into these lipids is likely to be H 2 S generated by the reduction of sulfate by SRB at temperatures <100°C (Nissenbaum and Kaplan, 1972; Francois, 1987; Wakeham, 1995; Machel, 2001) , although it can be produced by a variety of abiogenic processes (Kowalewski et al., 2010) . Thiophenes are well known to form during the abiogenic incorporation of inorganic sulfur into specific functionalized lipid moieties, such as double bonds, in the early stages of diagenesis (Brassell et al., 1986; Vairavamurthy and Mopper, 1987; Sinninghe Damsté et al., 1988; Kohnen et al., 1989 Kohnen et al., , 1990a Sinninghe Damste et al., 1989; Kowalewski et al., 2010) . Thiophenes are particularly useful as biosignatures as the incorporation of sulfur preserves the location of functional groups in the original carbon skeleton of the parent molecule (Sinninghe Damste et al., 1989; Kohnen et al., 1990b) , and the positional information provided by thiophenes is preserved even following maturation (Koopmans et al., 1995) . In addition, thiophenes are also more resistant to enzymatic degradation than their parent molecules, promoting their preservation in the rock record (Kohnen et al., 1990b) . Thiophenes eventually form intramolecular poly-and monosulfide bonds that result in the formation of sulfur-rich high-molecular-weight organic macromolecules such as kerogens, which preserve information about the depositional environment and microbial communities hosted within (Brassell et al., 1986; Sinninghe Damste et al., 1989; Kohnen et al., 1990b; Sinninghe Damste and De Leeuw, 1990) .
A key observation from the simulated maturation experiments is that thiophenes were only observed in the clay-rich stream sample, and not in the clay-poor stream sample. No thiophenes were observed in the unpyrolyzed samples, but this was to be expected as thiophenes and other compounds incorporated into insoluble macromolecular material are not liberated under the effects of solvent extraction. It is possible that the presence of clay minerals in the clay-rich stream samples promoted the breakdown of high-molecularweight organic sulfur compounds during artificial maturation, resulting in the liberation of sulfur-containing compounds such as thiophenes. The effect of clay minerals on the breakdown of kerogens has been the subject of previous studies. Kaolinite has been shown to increase the yield of pyrolysates during hydrous pyrolysis of kerogens (Eglinton et al., 1986) , while illite has been observed to affect isomerization reactions of steranes and triterpenes , and enhance the breakdown of kerogen to form lighter hydrocarbons (Huizinga et al., 1987) . Clay minerals in general have also been shown to promote the generation of organic acids from kerogen breakdown, and a similar process may be occurring for these thiophenes (Kawamura et al., 1986) . The destructive effects of clay in our samples were potentially enhanced by the high clay/organic carbon ratios (Koopmans et al., 1998) .
The isoprenoidal thiophenes (I and II) observed in the clay-rich stream samples are common in sediments, and are formed as diagenetic products of the incorporation of sulfur into diterpenoidal phytols derived from chlorophyll (e.g., Brassell et al., 1986; Kohnen et al., 1990b; Sinninghe Damste and De Leeuw, 1990) . The origin of thiophenes in the clay-rich stream samples could come from two sources: (1) as analytical artifacts where the formation of thiophenes occurs at low temperatures by incorporation of sulfur into functionalized lipids, or (2) as indigenous units where simulated maturation leads to the liberation of thiophenes from high-molecular-weight compounds. We propose that the first option is unlikely, as previously conducted pyrolysis-GC-MS investigations of these samples revealed that thiophenes were present, implying the presence of kerogen-hosted thiophene units (Lewis et al., 2015 . The isoprenoidal thiophenes observed following the simulated maturation process must thus be indigenous to the sample. Thiophene units are thought to be liberated from high-molecular-weight macromolecular fractions in two 64 TAN AND SEPHTON distinct stages: an initial low-temperature release at 180°C related to the breakdown of polysulfide bonds (S-S), followed by a secondary high-temperature release at 240°C and above related to the cleavage of monosulfide bonds (C-S) in high-molecular-weight compounds (Koopmans et al., 1995) . Thus, the temperature at which thiophenes were liberated in the postmaturation extracts of our artificially matured samples may reveal how they are hosted in their organic parent network. The relatively low-temperature release of isoprenoidal thiophenes from DryMJ1a suggests the thermal breakdown of polysulfide bonds (S-S) in sulfur-rich highmolecular-weight fractions (low-temperature release), while the lack of a relatively high-temperature release implies the lack of monosulfide-bound thiophene units in the analyzed samples (Krein and Aizenshtat, 1994; Koopmans et al., 1995) . The other class of thiophene observed, methyl 9,12-epithio-9,11 octadecanoate (thiophene III), was likely produced from the incorporation of sulfur into the -diene moiety present in the 18:2 fatty acid, which also explained the absence of the octadeca-9,12-dienoic acid in the pyrolysates (Sinninghe Damste et al., 1989; Kohnen et al., 1990b) . The preservation of positional information even in the later stages of diagenesis of what would otherwise be labile functionalized lipids highlights the potential for thiophenes as biosignatures. However, the greater susceptibility of free compounds to degradation relative to those bound in a macromolecular organic network is well known in organic geochemistry; that these biomarkers are released during hydrous pyrolysis suggests that they might be then exposed to degradation.
Implications for Mars exploration
The solvent extracts of our postmaturation samples reveal the lipid biosignatures that may be expected to survive the later stages of diagenesis in sulfur stream systems on Mars. Although the relative abundance of organic compounds extracted varied across the samples, the overall response of different classes of organic compounds to simulated diagenesis was similar regardless of the mineralogy of the samples. More diagnostic biomarkers such as steroids and hopanoids are unlikely to survive the diagenetic process, limiting the ability to discern specific details about the microbial communities that produced any organic remains. In contrast, saturated fatty acids are the most resistant to the degradation process and can retain their biogenic EOP patterns, allowing them to be distinguished from abiotic sources of organic matter, such as meteoritic infall, and making them excellent targets for life detection missions to Mars.
Our experiments also suggest that the conditions most amenable for lipid preservation in sulfur streams are in water-and clay-poor environments. Paradoxically, these same conditions are less favorable for microbial communities that favor environments with high water availability. Previous work has shown that in addition to its preservative qualities, an ideal outcrop for life detection missions must also have high potential for habitability, as this would contribute to a greater abundance of fossilized organic matter that may survive diagenesis . Fortunately, several locations of astrobiological interest on Mars feature low water availability, and for which acidic, saline, and iron-and sulfur-rich environments are appropriate geochemical analogues. Meridiani Planum is an outcrop with sediments rich in hematite and jarosite, was likely an interdune deposit or a playa lake with a fluctuating water table, and represents one of the more favorable locations for surface biology during the Hesperian period of martian history . Geochemical analyses of Meridiani Planum suggest that the outcrop was arid, comparable with that of terrestrial evaporite deposits Knoll et al., 2005; Tosca et al., 2005 Tosca et al., , 2008 . The mineralogy and geochemistry of Meridiani Planum are very similar to that of the two studied iron-and sulfur-rich acid streams, with some theories suggesting a similar mode of formation between the two (Zolotov and Shock, 2005) . The surface environments would have become progressively colder and more arid over geological time (Richardson and Mischna, 2005; Shuster and Weiss, 2005) . While Meridiani Planum cannot be considered representative of the entirety of the martian surface environment, there is evidence to suggest that much of Mars was subject to similar conditions, for example, the Sheepbed mudstones at Gale Crater are posited to have been deposited in a low-temperature, low water activity system (McLennan et al., 2014; Bristow et al., 2015) . Thus, low water activity, iron-oxide-rich environments that could have supported biological activity may present an attractive balance in terms of habitability and biomass generation and preservative qualities for biosignatures on Mars.
Clay content is another factor that influences lipid preservation in these sediments. Clays are common minerals on Mars and are generally the products of aqueous alteration of olivines and other basaltic minerals Milliken and Bish, 2010) . Clay formation on Mars occurred primarily in the Noachian, but may have extended into the early Hesperian (Bibring et al., 2006; Milliken and Bish, 2010; Ehlmann et al., 2011; Vaniman et al., 2014) . While clays are generally considered advantageous for organic matter preservation due to their ability to sorb and thus concentrate and sequester organic matter into macromolecular kerogen (e.g., Keil et al., 1994; Hedges and Keil, 1995; Farmer and Des Marais, 1999; Salmon et al., 2000) , our results suggest that clays are deleterious in these iron-rich environments due to their ability to promote oxidation reactions between organic matter and iron-bearing minerals such as jarosite, goethite, and smectite/illite. As clays are known to cause decarboxylation and thus result in n-alkane formation (Shimoyama and Johns, 1971; Almon and Johns, 1975; Johns, 1979) , the lack of n-alkanes in our samples must be the result of further oxidation by iron-bearing minerals.
While this report does not propose a specific mechanism for these oxidative reactions, preliminary results from artificial maturation experiments of the clay-poor stream sample mixed with the noniron-bearing clay montmorillonite show similar levels of degradation to the clay-rich stream in this study (Tan, pers. comm.) . Hence, it is unlikely that Fe 3+ in the clay structure of iron-bearing clays is specifically the cause for increased degradation in these samples; rather, it is the mineralogical interactions between organic matter, clay, and highly oxidizing iron minerals that cause heightened rates of degradation.
Implications of kinetic modeling
With conditions on Mars being most habitable in the distant past and the preservation of the organic remains of life being enhanced by burial, we investigated the kinetics of organic degradation in the subsurface of Mars. Models derived from the reaction kinetics support the interpretation that water-and clay-poor sulfur stream environments are the conditions that are most suitable for lipid preservation (specifically the saturated fatty acid fraction). However, despite optimal conditions, the model data predict that solventextractable saturated fatty acids will not survive over geological time, surviving only up to 100 kA after deposition and burial. Considering that the Amazonian period of Mars' history is widely considered to be relatively unlikely to support life given the low water availability, highly oxidizing surface environment, high salinity, and high incidence of ionizing radiation in the present day (e.g., McKay and Davis, 1991; Hecht et al., 2009; Hassler et al., 2014) , and that the latest period of likely widespread martian habitability was 3 Ga ago (Cockell, 2014; Westall et al., 2015) , our data would suggest that these fossil sulfur stream environments would lose their solvent soluble records of life on Mars if buried and exposed to moderate temperatures and pressures over martian geological time. At the same time, if solvent-extractable organic matter was found in sulfur stream environments on Mars, our models would suggest that the biological communities that formed these fatty acids must have lived less than 100 kA ago. Our findings provide a possible reason for why organic evidence of past life has not been found in the martian environments tested to date.
Although the models paint a bleak picture for the detection of soluble organic matter via wet chemistry techniques, it should be noted that iron on Mars may not be as widespread as previously thought, with CheMin instrumental mineralogy data on the Mars Science Laboratory (MSL) Curiosity Rover showing that hematite is relatively sparse in most mudstone samples (e.g., Bish et al., 2013; Vaniman et al., 2014; Treiman et al., 2016; Rampe et al., 2017; Morris et al., 2019) . While our data cannot be extrapolated to mineral compositions of different iron abundances, it is possible that lower relative abundances of iron oxidants may contribute to improved lipid preservation. Nevertheless, in the search for life on Mars in Noachian and Hesperian rocks, it appears that the absence of evidence is by no means evidence of absence, but simply the possible chemical consequence of long-term storage on the surface of Mars.
It is important to note that the models have several inbuilt assumptions to them that may increase or decrease the expected amount of surviving lipids. For example, the assumption that the experiment is a closed system would suggest that natural samples would contain a lesser amount of lipids due to external aqueous activity flushing out free fatty acids, or their destruction due to cosmic rays. In addition, close-system experimentation precludes any open-system processes associated with the postdepositional redistribution, transport, and subsequent potential preservation of organic matter by various mechanisms such as hydrothermal fluids; these processes were significant on the early Earth, and were possibly equally significant on Mars (e.g., Duda et al., 2018) .
In contrast, an important caveat of these models is that they only predict the amount of detectable solvent-extractable organic matter remaining in a sample after a certain period. As revealed in the literature (Eigenbrode et al., 2018) , it is known that macromolecular organic matter can survive the radiative and diagenetic conditions of martian geological history (although it is important to note that the age of this material is not yet known). Macromolecular organic matter is not solvent extractable and thus was not considered by these sets of models. The model also does not provide insights into whether the remaining organic matter can be distinguished from sources of abiotic carbon, such as meteoritic material (Chyba and Sagan, 1992; Summons et al., 2008; Sephton, 2012) or Fischer/ Tropsch-type (FTT) reactions (McCollom and Seewald, 2006; Mißbach et al., 2018) . The latter is especially important, as FTT reactions are a common occurrence in hydrothermal deposits (McCollom and Seewald, 2007; Konn et al., 2015) and can produce long-chain saturated fatty acids . Finally, the model does not consider the effects of minerals common to the surface of Mars that are not present in our analog samples, most egregiously the presence of perchlorates in the martian regolith (Carrier and Kounaves, 2015) . While we acknowledge the importance of perchlorate minerals, and the complexity of perchlorate mineral interactions with organic matter (Góbi et al., 2017; Fornaro et al., 2018) , postulating how it may affect the kinetics of organic matter preservation in the studied environments is beyond the scope of this study.
Conclusions
The late Noachian and early Hesperian represented habitable conditions on Mars contemporaneous with the emergence of life on Earth. We can develop our suite of life detection skills by examining analog sites on Earth that are chemically and possibly biologically similar to the late Noachian and early Hesperian of Mars. Acid iron-and sulfur-rich streams and the microbial communities hosted within these environments provide one such analog site. Rocks representing the late Noachian and early Hesperian of Mars are old and any organic matter within would have been stored for billions of years. Samples that are likely to contain evidence of past life on Mars must exhibit conditions that promote the preservation of organic biomarkers over geological time.
Artificial maturation techniques can recreate the effects of geological storage on Mars in Earth laboratories and allow us to draw conclusions about the behavior of organic biomarkers in response to diagenesis in these distinct geochemical environments. Fatty acids are found to be persistent organic biomarkers, but complex organic structures are susceptible to degradation. During maturation, thiophenes are released at low temperatures and fatty acids are liberated from adsorption sites. Low carbon contents, high water-to-rock ratios, and the presence of iron-rich clay minerals are all conditions that decrease the preservation of organic biomarkers in iron-and sulfur-rich stream environments. Kinetic modeling derived from quantitative hydrous pyrolysis, however, suggests that these conditions are applicable only on a 100 kA timescale, after which all solvent-extractable organic matter is expected to be lost.
The analysis of kinetic parameters predicts that regardless of the carbon content, water availability, and the presence of 66 TAN AND SEPHTON clay minerals, saturated fatty acids are not expected to be detectable by wet chemistry techniques following postburial diagenesis. Sample selection on future Mars missions should appreciate that some samples, which reflect habitable conditions on Mars, can inhibit the preservation of martian organic matter when exposed to geological storage over billions of years. Sample selection strategies must therefore consider the pre-, syn-, and postburial histories of habitable conditions on Mars and the balance between the production of biomass and the long-term preservation of organic biomarkers over geological time.
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